Introduction
Sunlight absorption by biological molecules plays ac rucial role in life development and sustains the earth'se nergy cycle;a s ac ounterpart, photoprotective mechanismsa re necessary to minimize the potential damage of the UV portion of the solar spectrum that reaches organisms. [1] The interest in natural UV photoprotection research has increased lately,g iven substantial losses in the stratospheric ozone layer and the consequent increasei nU Vr adiationl evels in the troposphere. [2, 3] One of the major strategies used by organisms to minimize UV-induced damage is screening by intra-or extracellularc ompounds that are ablet ob lock UV radiation. [1, 4, 5] Mycosporinelike amino acids (MAAs)a nd gadusol (3,5,6-trihydroxy-5-hydroxymethyl-2-methoxycyclohex-2-en-1-one) belong to as eries of natural UV-absorbing compounds that have been related to photoprotective and antioxidant functions in aquatic organisms. [6] [7] [8] The photophysicsa nd photochemistry of some of these secondary metabolites have been examined in aqueous solution. [9] [10] [11] [12] [13] [14] The main findings are:n egligible fluorescence yields, high photostability,a nd efficient dissipation of the absorbed radiatione nergy as heat. Allt hese properties support the postulated sunscreening role of the molecules. In fact, various reports indicate that MAAsa re biosynthesizeda nd accumulatedi nr esponse to UV radiation,t hus preventing damaging photons from reaching potentialc ellular targets anda voiding photosensitization processes by the favorable competition of thermald e-excitation pathways. [5-7, 15, 16] However,t he precise connection between these properties and the chemical structures of thesec ompounds remains to be fully addressed. In that sense, it is interesting to examine somet rends in the correlationo ft he available photophysicochemical data with the structuralfeatures of this family of natural molecules.
It has been reported that gadusol, mycosporine-glycine, mycosporine-taurine,a nd mycosporine-glutaminol-glucoside,a ll of which share ac yclohexenone core, are efficient antioxidants, [6, [17] [18] [19] whereas the imino-mycosporines shinorine and porphyra-334 are rather resistantt oo xidation. [20] The photodecomposition quantum yield of gadusol in aqueous solution is low,b ut is 100-fold greater than that of the conjugate anion gadusolate, the prevailing species under physiological pH. [14] It is known that cyclic a,b-unsaturated ketones produce relatively stabilizedt ripletsi fs ubstituted at the b-carbon atom; [21] however,n ot riplet state from gadusolate could be observed by direct laser photolysis. Moreover,i nteraction between gadusolate ands ome triplet sensitizers leads to reductiveq uenching of the latter. [14] On the contrary,s ensitization experiments have given evidencef or only the energy transfer to yield the excited triplet states of the imino-MAAss hinorine, porphyra-334, and palythine. [9, 10, 12] In this context,c alculation of the deactivation pathways can provide valuablei nformation for rationalization of the experimental results and consequently potentiate the future design of new synthetic photoprotectors. Recently,acomputational study using the CASPT2//CASSCF strategy was carried out on palythine, the simplest structure among imino-MAAs. [22] The Gadusol shows one of the simplest structures among as eries of natural UV-absorbing compounds that have been related to the photoprotective anda ntioxidant functions in aquatic organisms. CASPT2//CASSCF methodology was used to carry out at heoretical study on this basic structure in order to describe the underlying features responsible fort he photoprotective capacity of the molecule. The influence of the enol-enolatee qui-librium on the photophysical properties wase xplored. The results confirm that both forms undergoarapid deactivation, which very efficiently dissipates light energy as heat. This work highlightst he potential of molecular-level studies to provide an understanding of natural photoprotective mechanismsa nd gives support to the future design of structurally related new synthetic sunscreens.
fast relaxation on the excitedstate energy surface via aconical intersection (CI) point is evident from this study.T he main deformation of the structure corresponds to an out-of-plane movement of the imine moiety, while the adjacent carbon atoms approach each other and the alkene moiety remains almostp lanar.T his result rules out the previously proposed deactivation pathway by simple C=Nb ond isomerization. [12] It is well established now that conical intersections mediate av ariety of chemical events and have enormousr elevance in biology,a st hey are responsible for the efficient internal conversion channels that recover DNA bases after sunlight activation in an ultrafast way. [23, 24] This suggests that DNA bases and MAA structures were naturally selected for their ability to dissipate energy. [25] Gadusol represents the basic molecular structure of the oxocompounds mentioned above.A tt he same time, it allows exploration of the influence of the substituents in the conjugated system by simply shiftingt he enol-enolatee quilibrium. [26] A time-dependent density functional theory (TD-DFT) calculation of the transition energies for the enol form in water was carried out by Arbeloa et al. [14] The results support the p-p*a ssignment of the excited singlet state accordingly with the generalized solvatochromic shifts of the absorption spectra. However,n oc hemical calculation has been performed on gadusolate, the enolate form, which dominates the acid-base equilibrium under biological pH conditions. Herein we presentt he results of at heoretical study carried out with CASPT2//CASSCF methodology in order to describe the underlying features responsible fort he photoprotective role of gadusol. In turn, this information could be useful to understand the photoprotective mechanisms selected by natural evolution and fort he design and synthesis of new and more efficient artificial sunscreens.
Results and Discussion
Initially we validated our model chemistry against the recorded UV spectra. The influence of the medium in the UV absorption of gadusol was recently reported. [14] Ab athochromic shift was observed as the polarity of the solvent increases. For instance, the maximum in the absorption band changes from 268 nm in water to 263 nm in acetonitrile;p Hd ependence was also observed in aqueous solution. For acidic solutions (pH 2.5) maximal absorption was found at 268 nm, whereas at higher pH values (pH ! 7) an increase in band intensity was measured together with ab athochromic shift to 296 nm. These observations were explained on the basis of ad isplacement in the acid-base equilibrium between the neutral form (gadusol) present in acidic solutionsa nd the enolate species( gadusolate) that dominates at pH 7, althought he exact structure of the gadusolate re-mained unclear.T herefore, as an initial step we computed the UV spectrum of gadusol in the gas phase, and the results are summarized in Ta ble 1.
It follows from these results that the computed CASPT2 UV spectrum for gadusol includes two n!p*t ransitions to S 1 and S 3 with low oscillator strength values, as is usual for this type of transition. The relevant band corresponds to a p!p*t ransition located at 237 nm with an oscillator strength of 0.35. Thus, the bright state in gadusol is S 2 ,a nd this state will be mainly populated after radiation absorption. The experimental band maximum was reported to be 268 nm in water.T herefore, to determine the relevance of the solvent in our calculations, we computed the UV spectrum using the polarizable continuumm odel (PCM) with water and acetonitrile (Table 2) . In both solvents, the state order was the same as that found in the gas phase, andt he bright state was again S 2 with oscillator strength values of 0.25 (water) and 0.26 (acetonitrile), both similar to the value of 0.35 obtained in the gasp hase. The computed maximum in water was located at 242 nm, whereas in acetonitrile the maximum appeared at 239 nm. Thus, the experimentally determined bathochromic shift is also qualitatively reproduced. The effect of the basis set was also explored by recomputing the absorption spectra in solvent with the ANO-L-VDZ basis set. In this case, the absorption in water was found at 245 nm, whereas in acetonitrile it appeared at 241 nm. As can be seen from the resultsi nT ables 1a nd 2, the CASPT2 values with 6-31G* in gas phase are qualitativelyg ood enough to reproduce the experimental data.
Next, we explored the excited-state deactivation of gadusol after light absorption andp opulation of the bright-state S 2 . The minimum energy path (MEP) computed for the relaxation along the S 2 potential energy surface (PES) is reported in Figure 1 . Starting from the Franck-Condon region, very fast deactivation of S 2 is expected, as no minima or energy barriers were found before crossing between S 2 and S 1 at aC Ipoint. Once the CI S 2 /S 1 point is reached, decay to S 1 can be easily achieved.
The main molecular distortion after relaxation in S 2 implies an out-of-plane movement of the oxygen atoms in the C=O and OH moieties of the chromophore. Comparison between the structures of gadusol in the Min S 0 and CI S 2 /S 1 structures shows that the molecule remains substantially planar in the ground state to minimize the energy through conjugation, whereas at the CI point the molecule is not planar due to partial breakage of the p system. The C=Ob ondh as an initial length in the ground state of 1.23 , whilet he length in the CI S 2 /S 1 point is 1.34 . Also, the C=Cb ond length changes from 1.35 to 1.49 . In addition, the C=Oa nd OH moieties at positions 1a nd 3o ft he chromophore move out of the plane of the molecule in the CI S 2 /S 1 point (648 and À518,r espectively) in agreement with the p!p*n ature of the excited state.
Similarly,relaxation along the S 1 PES leads directly to adifferent CI point connecting with the ground state, as shown in Figure 2 . Thus, ultrafastd eactivation takes place in S 1 as well, as was predicted for S 2 .Accordingly,nosignificant fluorescence emission can be expected from gadusol. This result was experimentally verifiedp reviously. [14] Again, the main molecular distortions are relatedt ob reakage of the p system together with the out-of-plane movement of the oxygen atoms in the carbonyl and hydroxy groups that are part of the chromophore. This implies that the same molecular movements are involved in the deactivation in both S 2 and S 1 .I nt urn, this allows an ultrafast deactivation from the photon absorption to the ground-stater ecovery.T he initial C= Ob ond subsequently lengthens along the S 1 PES and at the CI S 1 /S 0 point has avalue of 1.58 .
Correspondingly,t he initial C=Cb ondr eaches av alue of 1.51 . The substituents at positions 1a nd 3a re displaced from the plane of the molecule by 348 (C=Om oiety) and À658 (OH at position3). The nuclear motion that lifts the degeneracy between the two states is represented by the gradientd iffer-ence (GD)a nd derivative coupling (DC) vectors shown in Figure 3 .
The nuclear motion pointed by the direction of the vectors suggestsg adusol recovery once the ground state is reached.
To check this, we optimized four different geometries in the ground state obtained from as lightd istortion of the CI S 1 /S 0 geometry in the directions marked by the DC and GD vectors. In all cases, the same geometry of the Min S 0 was found, probing the high photostability of gadusol. This is consistent with the low photodecomposition quantum yield experimentally determined in solution. [14] This, together with the occurrence of two energetically accessible conical intersection points (CI), provides gadusol with excellent features as ap hotoprotective compound. These conicali ntersection points connects tates S 2 /S 1 and S 1 /S 0 that can be reached by small geometrical changes,t hus enabling the ultrafast decay from the Franck-Condonr egion to the ground state. The critical points along the gadusol PESs are summarized in Figure 4 .
As stated above, the photophysical properties of gadusol were found to be pH dependent. [14] To explain this behavior, we aimed at studying the enolate forms that could be present in neutral solutions. From the various alternatives that could be found in an eutralm edium, we computed the two structures shown in Figure 5 . These two structures correspond to deprotonation at two sites, both of which are considered to be capable of forming relatively stable anions. Each of the structures in Figure5 was computed in the gas phase and in water using the PCM method. In both cases structure A was found to be more stable than B.T his is not surprising, as the enolate A can delocalize the negative charge along the p system,w hereas the charge in enolate B is localized at the oxygen atom. This causes structure A to have similar CÀO( 1.23 i nb oth cases) andC À C( 1.42 and 1.40 ) distances.H owever,s tructure B features clearly distinct CÀO( 1.21 vs. 1.34 ) and CÀC(1.47 and 1.33 ) bond lengths. In addition, the relative energies of these two speciess how that no mixture of compounds should be present in neutrals olutionso f gadusol, as the energy differencei s, in any case, very high. Results from CAS(16,10)/6-31G* with PCM indicatet hat enolate A is 42.5 kcal mol À1 more stable than B.T hus, in the study of gadusol in aqueous solution,w ep erformed our calculations exclusively on enolate A.T he gas-phase absorption spectrum was computed, and the resultsa re summarized in Ta ble 1. A strong absorption (f = 0.97) centered at 248 nm and characterized by a 1 (p,p*) transition was found for S 1 ,w hile S 2 shows 1 (n,p*) character with av ery smallo scillator strength.T his is consistentwith the experimental band maximum found for gadusol at pH 7. [14] The inclusiono fw ater in the calculations by using PCM does not affect the qualitative picture, and the bright state is also S 1 ,w ith an oscillator strength value of 0.91 and ab and centered at 263 nm. The use of the ANO-L-VDZ basis set yields ab and at 273 nm. Comparison between gadusol and gadusolate absorption spectra denotes some differen-ces. First, in the gas phase the band maximum for gadusolate appearsa t2 48 nm, whereas for gadusol the maximum is located at 237 nm. Also, gadusolate has am uch more intense absorption( f=0.97 vs. 0.38). Thus, gadusolate, the main species present in neutrala queous solutions under pseudophysiological conditions, shows both ah ighera nd red-shifted absorption relative to gadusol. These two characteristics suggesta ni ncreasede fficiency of gadusolate in terms of the photoprotective role in an atural environment. Also, as S 1 is the bright state, gadusolate could have af ar simpler deactivation pathway to dissipate the light energy,t hus implying an improved performance. So far this observation is in agreement with the experimentally observed lower photodecomposition quantum yield for gadusolate than for gadusol. [14] To determine the photoprotective capacity of gadusolate, we computed the reaction pathway starting from the Franck-Condon region in S 1 .T he results are shown in Figure 6 .
After light absorption, relaxation of gadusolate along the S 1 PES leads directly to aC Ip oint connecting with the ground state. Interestingly,t he path connecting the Franck-Condon region with the CI pointimplies an ultrafast deactivation of the excited gadusolate, as no energy barrier is located alongt he reactionp ath.T he main geometry deformation is the out-ofplane motion of the negativelyc harged oxygen atom of the chromophore (À718)t ogether with the C=Cb ond elongation (from 1.40 i nMin S 0 to 1.45 a tt he CI point).I nc ontrast, the C=Ob ond length remains unaltered (1.23 i nb oth geometries)with asmall out-of-plane displacement of 458.This deformation is similart ot he geometry found for the CI points in related compounds, such as gadusol or palythine. [22] The branching plane for this CI is characterizedb yt he DC and GD vectors shown in Figure 7 . As expected, the nuclear motion that lifts the degeneracy between the states corresponds to the arrangement of the nuclei that make part of the chromophore, keeping the rest of the molecule almostu nal- www.chemistryopen.org tered. Thus, it seems that both the excitation and geometry deformation are mainly located in just ap art of the molecule. From ap hotophysical point of view,t he photostability of gadusol is mainly duet ot he substituted cyclohexenone moiety, and the rest of the molecule is not relevant for the relaxation pathways of the excited state.
Deformationo ft he CI point geometry in the directions indicated by the two vectors leads to direct recovery of the starting material. Thus, no side-products are expecteda fter irradiation of gadusolate which may account for the photodecomposition of this compound. This property is relevant for the photoprotective capacities of this type of metabolite. The critical points along the gadusolate PESs are summarized in Figure 8 .
Conclusions
As shown by the theoretical calculations, although the deprotonated form of gadusol is responsible for the main absorption at pH 7a nd thus it is the relevant species under physiological conditions, both gadusol and gadusolate share somep hotochemicalf eatures that confer these compounds ar emarkable UV-protective capacity.B oth forms allow rapid deactivation, which very efficiently dissipates light energy as heat. This is particularly significant in gadusolate, given the stronger absorptionb and. Also, the absence of any intermediates along the reactionp aths is in agreement with the lack of fluorescence observed for these compounds. This fact, together with the recovery of the starting materiala fter irradiation supported by the low decomposition quantum yields, imparts high photostability to these molecules, whichi nt urn allows for efficient energy wastage through subsequentp hotocycles. The photoprotectivem echanism of gadusol and gadusolate is very similar to that previously described for MAAs. [9, 10, 12, 14, 22] This also suggestst he relation between gadusol and MAAs in terms of metabolic routes or even as different steps in the evolution of natural photoprotective compounds. The structural and mechanistic information provided by the molecular-level study of the photoprotective capacities of thesea nd related compounds could encourage the design of new and more efficient products with interesting properties as sunscreens for commercial applications.
Experimental Section
Computational details:T he most stable ground-state conformation was selected as the starting structure for the complete photochemical study,p erformed at Multi-State Complete Active Space Perturbation to Second Order with aC omplete Active Space Self-Consistent Field reference wavefunction (i.e.,M S-CASPT2//SA-CASSCF methodology). [27, 28] This methodology has already shown success in describing the photochemistry of various molecular systems. [29, 30] For this study,the State Averaged-Complete Active Space Self-Consistent Field (SA-CASSCF) method [27] was used for calculation of the electronic transitions and the computed minimum energy paths (MEPs), including four states (S 0 ,S 1 ,S 2 ,a nd S 3 )w ith the same weight in the averaged wavefunction. The active space chosen comprises all the p and p*o rbitals together with the n orbitals of the oxygen atoms that influence the chromophore (16 electrons in 10 orbitals). Both CASSCF and CASPT2 calculations were performed with the standard 6-31G* basis set. The UV spectra were also computed by using the ANO-L-VDZ basis set. MEPs were computed at the CASSCF level with the methodology present in MOLCAS-6.4. [31] MEPs representing steepest descendent minimum-energy reaction paths were built through as eries of geometry optimizations, each requiring minimization of the potential energy on ah yperspherical cross-section of the potential energy surface (PES) centered on ag iven reference geometry and characterized by ap redefined radius. The paths were computed by taking av alue of 0.1 amu for the steps. Starting from the Franck-Condon (FC) structure, the path was followed to ac onical intersection point. Once each new structure was obtained, this was taken as the new hypersphere center,a nd the procedure was iterated until the bottom of the energy surface was reached. Bulk solvent effects on the UV spectra were included by using the polarizable continuum model (PCM) [32] as implemented in MOLCAS-6.4. The molecule is considered as included in ac avity surrounded by an infinite medium with the dielectric constant corresponding to the specific solvent. The standard values of 78.4 for water and 38.8 for acetonitrile were considered in these calculations. The UV spectra were computed under nonequilibrium conditions, that is, only solvent electronic polarization is in equilibrium with excited-state electron density.T hus, only fast solvent degrees of freedom are considered. This kind of calculation is more adequate to compute vertical excitation energies, as those needed for the UV spectra. Calculations of the gradient difference (GD) and derivative coupling (DC) vectors were performed with the Gaussian 03 software package, [33] and MOLCAS 6.4 was used for calculation of the MEPs and CASPT2 single-point energy corrections. 
